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The crystal structure of [Al(‘Bu-salen)],O-HCl shows major changes compared to that of [Al(‘Bu-salen)],O.
The additional proton is localized on the bridging oxygen atom, making the aluminium atoms more elec-
tron deficient. As a result, a water molecule coordinates to one of the aluminium atoms, which becomes
six-coordinate. This pushes the salen ligand associated with the six-coordinate aluminium ion closer to
the other salen ligand and results in the geometry around the five-coordinate aluminium atom becoming
more trigonal bipyramidal. These results experimentally mirror the predications of DFT calculations on the
interaction of [Al(‘Bu-salen)],O and related complexes with carbon dioxide. Variable temperature NMR
studies of protonated [Al(‘Bu-salen)],O complexes revealed that the structures were dynamic and could
be explained on the basis of an intramolecular rearrangement in which the non-salen substituent of a
five-coordinate aluminium(‘Bu-salen) unit migrates from one face of a square based pyramidal structure
to the other via the formation of structures with trigonal bipyramidal geometries. Protonated [Al(‘Bu-
salen)],O complexes were shown to have enhanced Lewis acidity relative to [Al(‘Bu-salen)],O, coordinat-
ing to water, dioxane and 1,2-epoxyhexane. Coordinated epoxyhexane was activated towards ring-
opening, to give various species which remained coordinated to the aluminium centers. The protonated
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[Al(Bu-salen)],O complexes catalysed the synthesis of cyclic carbonates from epoxides and carbon
dioxide both in the presence and absence of tetrabutylammonium bromide as a nucleophilic cocatalyst.
The catalytic activity was principally determined by the nature of the nucleophilic species within the cata-

rsc.li/dalton lyst structure rather than by changes to the Lewis acidity of the metal centers.

planar, but rather adopt stepped and bowl conformations,
giving four potentially interconverting conformations as

Introduction

Salen ligands have the general structure shown in Fig. 1 and
are considered to be privileged ligands" as they will complex to
just about any metal in the periodic table and the resulting
mono- or poly-metallic complexes can be used to catalyse a
wide range of chemical reactions.” The ligands are synthesized
by reacting a diamine with two equivalents of an aldehyde or
ketone and the majority of such reactions involve a 1,2-
diamine to give salen ligands represented by n = 2 in Fig. 1.
There are a number of stereochemical aspects of such salen
ligands and their metal complexes which can have an impor-
tant influence on the structure and catalytic activity of metal
(salen) complexes. Metal-complexed salen ligands are not
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shown in Fig. 2A.> Any substituents on the diamine derived
part of the salen ligand (R in Fig. 1) can then adopt axial or
equatorial positions within the 5-membered chelate ring
(Fig. 2B).

A metal ion coordinated to a salen ligand is most com-
monly six-coordinate with two additional ligands (X and Y)
also coordinated to the metal to give an octahedral geometry.
However, depending on the metal and its oxidation state, four-
coordinate’ and five-coordinate® complexes can also be
formed and for larger metals, higher coordination-numbers

Fig. 1 General structure of salen ligands.
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Fig. 2 (A) Stepped and bowl conformations of a salen ligand within a
metal(salen) complex. (B) lllustration of substituents (R?) in axial or equa-
torial positions.

are possible.® Within an octahedral, six-coordinate salen
complex, there are three theoretically possible configurations
for the salen ligand: trans, cis-o and cis-p as shown in Fig. 3.7
The trans-configuration is by far the most common, but in
complexes composed of a salen ligand and a bidentate ligand,
the salen ligand adopts the cis-p configuration.® Complexes
with a trans-configuration are achiral whilst complexes with
cis-a or cis-p configurations are inherently chiral, giving rise to
A and A stereoisomers.”

In recent years, we have worked extensively on five-coordi-
nate aluminium complexes of salen and related ligands,
showing that complexes 1-5 (Fig. 4) formed active catalysts for:
the synthesis of cyclic carbonates from epoxides and carbon
dioxide®
epoxides and isocyanates'® (Scheme 1B) or from aziridines
and carbon dioxide'* (Scheme 1C); the synthesis of di- and tri-
thiocarbonates epoxides and carbon disulfide'
(Scheme 1D) and asymmetric cyanohydrin synthesis'®
(Scheme 1E). Complex 1 has also been used by other research-

(Scheme 1A); the synthesis of oxazolidinones from
from

ers to catalyse Michael additions® (Scheme 1F) and Passerini-
type reactions'” (Scheme 1G). Aluminium(salen) complexes in
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Fig. 3 Potential configurations of six-coordinate, octahedral metal
(salen) complexes.
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Fig. 4 Structures of five-coordinate aluminium complexes 1-5.
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Scheme 1 Reactions catalysed by complexes 1-5.

general have been widely used to initiate ring-opening poly-
merisation of cyclic esters."®

In contrast to six-coordinate metal(salen) complexes, the
structures and structural dynamics of five-coordinate metal
(salen) complexes have not previously been analysed in detail.
This is crucial information needed to facilitate the design of
highly active catalysts based on five-coordinate complexes.
Therefore, in this paper we analyse the solid and solution state
structures of bimetallic aluminium(salen) complex 1 and
related complexes and show that the complexes possess

This journal is © The Royal Society of Chemistry 2021
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dynamic structures, interconverting between square-based
pyramidal and trigonal bipyramidal geometries. The ability of
the complexes to catalyse the synthesis of styrene
carbonate from styrene oxide and carbon dioxide is also
compared.

Results and discussion
Solid state structural analysis

In 2010, we reported the single-crystal X-ray structure of
complex 1 (Fig. 5a)."° That sample was prepared by treatment
of the corresponding salen ligand (‘Bu-salenH,) with alu-
minium triethoxide followed by aqueous work-up (Scheme 2).
Both aluminium atoms within the structure were five-coordi-
nate and the structure had an almost linear Al-O-Al unit
(bond angle 175.52(15)° and 170.47(15)° for the two crystallo-
graphically unique molecules in the unit cell). Recently, we
attempted to prepare complex 1 by treatment of ‘Bu-salenH,
with diethylaluminium chloride followed by hydrolysis of the
intermediate aluminium chloride complex (Scheme 2) and
obtained the hydrochloride salt of complex 1.

Fig. 5 (a) structure of complex 1.° (b) structure of complex 1-HCL.

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Synthesis of complexes 1 and 1-HCL.

The single-crystal X-ray structure} of 1-HCI (Fig. 5b and
ESIT) showed major differences compared to that of unproto-
nated 1. The additional proton is localised on the bridging
oxygen, resulting in the Al-O-Al bond angle reducing to 153.17
(11)°. One aluminium atom is six-coordinate (with a water
occupying the sixth coordination site hydrogen-bonded to the
chloride anion) whilst the other aluminium atom remains five-
coordinate. There is also a marked lengthening in the alu-
minium to bridging oxygen distances. In complex 1 these are
1.6827(6) and 1.6842(6), whereas for complex 1-HCI the dis-
tances are 1.8112(17) to the five-coordinate aluminium and
1.9407(18) to the six-coordinate aluminium.

The salen ligand associated with the six-coordinate alu-
minium atom is pushed into a more equatorial plane relative
to that in unprotonated complex 1 and this in turn makes the
coordination geometry of the salen ligand attached to the five-
coordinate aluminium more trigonal bipyramidal in complex
1-HCI (75 = 0.63) than in complex 1 (z5 = 0.03 and 0.46 for the
two crystallographically unique molecules).>* 06 and N3 form
the two apices (N3-Al2-O6 angle 168.39(8)°) and O4, O5 and
N4 form the central triangle (O4-Al2-N4 angle 118.14(8)°, 04—
Al2-05 angle 110.80(8)° and N4-Al2-O5 angle 130.62(9)°). This
effectively blocks the potential sixth coordination site associ-
ated with this aluminium atom and prevents it from becoming
six-coordinate.

The structural features of the X-ray structure of complex
1-HCI correlate very well with the previously reported results of
DFT calculations on the interaction of complexes 2 and 3
(Fig. 4) with carbon dioxide to give adducts 6 and 7 respect-
ively (Fig. 6)."* In complexes 6 and 7, the carbon dioxide was
found to interact with the p-oxo-bridging oxygen, giving Al-O-
Al bond angles of 138-145° compared to an Al-O-Al bond
angle of 152° in the X-ray structure of complex 2.>' It was also

1 X-ray data for complex 1-HCI has been deposited with the CCDC 2022416.F
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Fig. 6 Structures of CO, adducts 6 and 7.

calculated that the aluminium atoms in complex 7 had
increased Lewis acidity compared to those in complex 3, and
would form a mono-adduct with ethylene oxide. These calcu-
lations and associated experimental results allowed us to
propose a mechanism by which complexes 1-3 can catalyse
the formation of cyclic carbonates from epoxides and carbon
dioxide in the absence of a nucleophilic cocatalyst.™*

Solution state structural analysis

To investigate the effect of protonation of complex 1 on the
solution state structure and catalytic activity of the resulting
complexes, the protonation of complex 1 by trifluoracetic acid
or anhydrous hydrogen chloride was investigated. Treatment
of complex 1 with one equivalent of trifluoroacetic acid (to
form 1-TFA) resulted in significant broadening of the 'H and
BC NMR spectra recorded at 298 K along with changes in
chemical shifts. Fig. 7 shows the aromatic/imine region of the
"H NMR spectrum (6.6-8.6 ppm) and the full 'H, *C and '°F
spectra are given in the ESL{ To better understand the struc-
ture of 1-TFA and explain the line broadening, a variable temp-
erature '"H NMR study was carried out in deuterated chloro-
form between 233 and 328 K. Fig. 8 shows the tert-butyl region

.

T T T T T
85 8.0 75 7.0
1 (ppm)

Fig. 7 The aromatic and imine region of the *H NMR spectra of com-
pounds 1 (red), 1-TFA (green) and 8 (blue) recorded at 400 MHz in CDCl3
at 298 K.
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Fig. 8 The tert-butyl group region of the *H NMR spectra of 1.TFA
recorded at 500 MHz in CDCl3 at 233-328 K.

of the resulting spectra and the full spectra are given in the
ESL At temperatures of 273 K and below, the '"H NMR spectra
of 1-TFA show four separate tert-butyl signals (labelled a-d in
Fig. 8) as would be expected for a complex in which both ‘Bu-
salen units were in the same, non-C,-symmetric, environment.

This journal is © The Royal Society of Chemistry 2021
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At 283 K however, the two central tert-butyl signals (¢ and d)
merge to give a single peak and at 293 K the two outer signals
(a and b) also merge to give an initially very broad peak
centred at the same chemical shift as the merged peak derived
from signals c and d. As the temperature increases from 293 to
328 K, both merged peaks sharpen and the spectrum exhibits
a single peak corresponding to all four tert-butyl groups
present on the salen ligand.

The temperature dependent changes in the tert-butyl region
of the NMR spectra of 1-TFA are mirrored in the signals
present in other regions of the spectra. Thus, the four aromatic
and two imine signals present at temperatures below 273 K
merge into two aromatic signals and one imine signal at temp-
eratures of 303 K and above. The spectra also show a highly
temperature dependent OH signal which appears at 5.7 ppm
at 233 K, shifting and broadening to 4.1 ppm at 303 K before
becoming too broad to detect at higher temperatures.

Line shape analysis§ of the tert-butyl signals in the variable
temperature NMR spectra of 1-TFA was carried out to allow the
rate constant of the exchange process and the Gibbs energies
of activation (AG*) to be determined at each temperature (see
ESIT). The two sets of tert-butyl signals (a, b and ¢, d) were
modelled separately as non-coupled two spin systems and gave
mutually consistent data. The rate constants for the exchange
process were found to increase from 0.5-1.5 s~ at 233 K to
4300-9000 s~ at 328 K, but the corresponding Gibbs energies
of activation were temperature independent with a value of
56.9 + 1.3 k] mol™" at all twelve temperatures and for both sets
of data. Eyring plots of In(k/T) against 1/T (Fig. 9) were linear
for both data sets and allowed the enthalpy (AH*) and entropy
(ASY) of activation to be determined as 59.0 + 3.2 k] mol™ and
0.0 + 0.1 ] mol ™" K™ respectively. The zero value for AS* is con-
sistent with the lack of temperature dependency of AG* and

57 y = -5857.8x + 23.819
R2 = 0.9998
3 = -5914.5x + 24.02
-
< R? = 0.9991
E, y = -5881.8x + 23.351
R?=009983
-9.q03 0.0034 0.0046
-3 y =-6711.6x + 23.745
R? = 0.9997
.5 B
y =-6958x + 23.762
; R2 = 0.9998

Fig. 9 Eyring plots based on simulations of the variable temperature
NMR data for compounds 1-TFA (red points) and 8 (blue points). The two
data sets for 1-TFA (red and green trend lines) correspond to analysis of
the two separate pairs of tert-butyl signals. The three data sets for 8
(blue, purple and black trend lines) correspond to analysis of the two
separate pairs of aromatic signals and the pair of imine signals.

§Line shape analysis was carried out using WinDNMR (https:/www.chem.wisc.
edu/areas/reich/plt/windnmr.htm).
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indicates that the process which causes the signals of the tert-
butyl groups within 1-TFA to exchange position occurs without
a significant change in entropy and so is likely to be an intra-
molecular rearrangement.

Addition of two equivalents of trifluoroacetic acid to
complex 1 resulted in a resharpening of the "H NMR peaks to
positions that differed from those of compound 1 (Fig. 7). The
structure of the species formed on treatment of compound 1
with two equivalents of trifluoroacetic acid was shown to be
mononuclear  aluminium(‘Bu-salen) trifluoroacetate 8
(Scheme 3) by high resolution field desorption mass spec-
trometry. However, the room temperature "H NMR spectrum
of complex 8 suggested a C,-symmetric structure. Therefore, a
VT NMR study of complex 8 was carried out in deuterated
chloroform between 218 and 328 K (see ESIf). At the lowest
temperatures, the imine, aromatic and tert-butyl signals all
resolved into two separate peaks; confirming that the complex
actually had C;-symmetry. For compound 8, line shape ana-
lysis§ of the imine and aromatic signals in the variable temp-
erature NMR spectra was carried out (see ESIT) as these under-
went more changes than the tert-butyl signals. The imine
signals and aromatic hydrogens ortho- and para-to the imine
were modelled separately to give three sets of data, all of which
were mutually consistent. The Gibbs energies of activation were
again temperature independent with a value of 49.0 + 1.0 kJ
mol ™" for all 30 data points. Eyring plots of In(k/T) against 1/T
(Fig. 9) were linear and allowed the enthalpy (AH*) and entropy
(AS*) of activation to be determined as 48.9 + 0.3 k] mol™" and
—0.2 + 3.2 ] mol " K" respectively. The approximately zero value
for AS* again indicates that the process which causes the aro-
matic and imine signals within 8 to exchange position is likely
to be an intramolecular rearrangement. The chemistry occurring
on treatment of complex 1 with trifluoroacetic acid is therefore
summarised in Scheme 3.

The exchange process which results in complexes 1-TFA
and 8 appearing to be C,-symmetrical at higher temperatures
can be explained by the process shown in Scheme 4.
Borrowing terminology used in octahedral, six-coordinate com-
plexes,” a square pyramidal complex I has a salen ligand in the
trans-configuration and a vacant coordinate site opposite the
X-ligand. Movement of one of the salen ligand’s oxygen atoms
into this vacant site generates trigonal bipyramidal complex II.
The X-ray structures of complexes 1 and 1-HCI provide good
evidence for the existence of both of these coordination geo-
metries. Subsequent migration of the X ligand to the free
coordination site within complex II generates a new square
pyramidal complex in which the salen ligand has a cis-p con-

° CFs TFA Al('Bu-salen) TFA Al(‘Bu-salen)
2 equiv) | (1equiv) |® o
2x O “ho ? —> O—H CF3;CO,
| -A2
Al('Bu-salen) Al('Bu-salen) Al(Bu-salen)
8 1 1.TFA

Scheme 3 Synthesis of complexes 1-TFA and 8.
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Scheme 4 Salen ligand rearrangement within five-coordinate alu-
minium(salen) complexes; sbp = square based pyramid, tbp = trigonal
bipyramid; trans and cis-f refer to the configuration of the salen ligand
within square based pyramidal complexes.

figuration. There are many examples of octahedral metal
(salen) complexes with a salen ligand in the cis-p configur-
ation.® Movement of the remaining equatorial oxygen atom of
the salen ligand into the vacant apical coordination site of
complex III generates a new trigonal bipyramidal complex IV.
Subsequent migration of the other apically coordinated oxygen
of the salen ligand to an equatorial position generates square
based pyramidal complex V in which the salen ligand again
has a cis-p configuration, but with a different oxygen atom in
the apical position compared to complex III. Migration of the
X ligand into the free apical coordination site of complex V
generates trigonal bipyramidal complex VI and finally
migration of the remaining apically coordinated oxygen of the
salen ligand in complex VI to an equatorial position generates
square based pyramidal complex VII with a ¢rans-configuration
of the salen ligand. In complex VII, the X ligand is coordinated
to the opposite face of the square planar aluminium(salen)
unit compared to complex I, so that a time-averaged structure
would appear to be C,-symmetric.

The pathway shown in Scheme 4 is fully consistent with the
activation parameters determined by line-shape analysis of the
variable temperature NMR data. No ligand dissociation or
association occurs, so the entropy of activation would be
expected to be close to zero. The X group in compound 8 is a
trifluoroacetyl group, whilst for 1-TFA the X group is a much
larger OAl(salen) unit. The rearrangement shown in Scheme 4
involves the X group moving into the equatorial plane of
square based pyramidal complexes III and V where steric inter-
actions with the salen ligand will be greater than for structures
I and VII where the X group is in the apical position of a
square based pyramid. This accounts for the higher values of
the enthalpy and Gibbs energy of activation associated with
the rearrangement of complex 1-TFA compared to complex 8.

Close examination of the "H NMR spectrum of compound 1
(Fig. 7 and ESIt) showed that in addition to the major, appar-
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ently C,-symmetrical, species, a second, lower intensity set of
signals corresponding to a C;-symmetrical complex were
present. This is apparent in Fig. 7, where in addition to the
three major aromatic/imine peaks, six other signals are
present. In this case, all peaks are sharp and well resolved
suggesting that at room temperature they exchange only very
slowly if at all. A variable temperature NMR study (298-328 K
in deuterated chloroform) revealed that the spectra of both the
major and minor species were temperature dependent. In this
case, although the peaks did undergo changes in chemical
shift, they did not coalesce in the accessible temperature
range. However, the relative amount of the minor species
increased from 9% at 298 K to 14% at 328 K. Thus, the minor
peaks present in the "H NMR spectrum are consistent with
complex 1 in which one of the salen ligands is in a trigonal
bipyramidal geometry as observed for one of the two indepen-
dent molecules in the crystal structure of complex 1."° This
interpretation was supported by a DOSY experiment (in CDCl;)
which showed that the major and minor species had very
similar diffusion coefficients of 5.4 x 107'° m* s~ and 5.1 x
107" m* s7' respectively (see ESIf). These compare with a
value of 2.0 x 107° m® s™* for the chloroform present in the
NMR solvent.

Protonation of complex 1 using a solution of anhydrous
hydrogen chloride in dioxane gave more complex results as the
dioxane acted as a Lewis base. Addition of one equivalent of
hydrogen chloride to complex 1, followed by evaporation of the
excess dioxane in vacuo cleanly gave complex 9 (Scheme 5).
The 'H NMR spectrum of complex 9 (at room temperature)
suggested that the complex was C,-symmetric, but the broad-
ness of the signals again indicated that this was due to a
dynamic process (Fig. 10 and ESIf). The residual dioxane
signal integrated to eight protons, indicating that just one

CIII
Al('Bu-salen)
Al('Bu-salen E
( ) HCl in dioxane ?' o
(0] M AI(‘Bu-saIen) + [ j
Bu- |
P1\I( Bu-salen) b, C:)
HCI in dioxane 10 Al('Bu-salen)
(1 equivalent) &
1
Al(‘Bu-salen) [H,0]
H—0® CI@
Al(‘Bu-salen)
\ e
’ [ j
[oj % excess
| o _dioxane
o Al(Bu-salen) | CI- < (Bu-salen)AICI
c:) TEtzAICI

[ j tBu-salenH,

Scheme 5 Synthesis of complexes 9-11.
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Fig. 10 Extracts of the H NMR spectra of compounds: 1 (red); 9
(green); 1:1.25 mixture of 10 and 11 (cyan); and 11 (purple) in CDCls.

dioxane was coordinated within complex 9. The structure of
complex 9 exactly mirrors the structure of 1-HCI determined by
X-ray crystallography (Fig. 5b) with the water molecule replaced
by a dioxane ligand.

In contrast to the treatment of complex 1 with two equiva-
lents of trifluoroacetic acid, addition of two equivalents of
hydrogen chloride in dioxane to complex 1, followed by
removal of excess dioxane in vacuo resulted in the formation of
two new species 10 and 11 in a 1:1.25 ratio (Fig. 10). In
addition to the imine and aromatic signals shown in Fig. 10,
the full "H NMR spectrum (see ESIt) showed a broad OH peak
at 4.8 ppm; evidence for coordinated dioxane in complex 11;
and the expected cyclohexyl and tert-butyl protons.

To confirm the structures of complexes 10 and 11, an
alternative synthesis of these species was undertaken. Thus,
treatment of the ‘Bu-salenH, ligand with diethylaluminium
chloride gave the known'? five-coordinate Al(‘Bu-salen)Cl
complex (Scheme 5). Addition of excess dioxane to a sample of
Al(‘Bu-salen)Cl formed the dioxane solvate {[Al(‘Bu-salen)
(dioxane),]" CI} in situ. The "H NMR spectra of this solvate
did not match those of complexes 10 and/or 11 (see ESIf).
However, after evaporation of excess dioxane from the solvate,
the "H NMR spectrum did match that of complexes 10 and 11
obtained from complex 1, though with a 1:2.5 ratio of 10: 11
(see ESIt).

Treatment of bimetallic complex 1 with anhydrous hydro-
gen chloride to give products in which the p-oxo bridge has
been broken will produce half an equivalent of water relative
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to the concentration of aluminium. Therefore, a 1:1 ratio of
complexes 10 and 11 would be expected to form when complex
1 was treated with two equivalents of anhydrous hydrogen
chloride and the observed ratio was 1:1.25. In contrast, no
water is generated when Al(‘Bu-salen)Cl is treated with
dioxane. Hence, the formation of complex 10 under these con-
ditions must be due to adventitious water in the reaction and
this accounts for the lower amount of complex 10 formed by
this route. By carrying out the synthesis from Al(‘Bu-salen)Cl
under rigorously anhydrous conditions with evaporation of
excess dioxane on a Schlenk line, the formation of complex 10
could be completely avoided and only complex 11 was formed
(Fig. 10 and ESI}). The "H NMR spectrum of pure complex 11
confirmed that half a dioxane molecule was present for each
Al(*Bu-salen) unit.

As shown in Fig. 10, the "H NMR signals for complex 11 in
the mixture of species 10 and 11 do not exactly superimpose
with the signals observed when only species 11 was present.
However, a NOESY spectrum recorded on a sample with a
1:2.5 ratio of complexes 10 and 11 showed cross-peaks
between the signals for each species, indicating that they were
in chemical exchange with each other (see ESIT). Thus, slightly
different chemical shifts and line widths would be expected
for complex 11 in the presence and absence of complex 10.

It was apparent from the room temperature 'H NMR
spectra of compounds 10 and 11 that aspects of their struc-
tures were again not fully explained by the spectra. In particu-
lar, the aromatic signals shown in Fig. 10 were far simpler
than would be expected and the imine signals in Fig. 10
appeared extremely broad or to be split into two separate
peaks. Therefore a variable temperature '"H NMR study was
undertaken on the 1:2.5 mixture of 10 and 11 in deuterated
chloroform at 500 MHz between 218 and 328 K. Fig. 11 shows
the tert-butyl region of the resulting spectra and the full
spectra are given in the ESL{ At 218 K, eight tert-butyl signals
(labelled a-h) are present between 1.55 and 0.95 ppm. This is
the number expected for a combination of complexes 10 and
11 as within each of these complexes the aluminium(‘Bu-
salen) units are not C,-symmetric. However, as the temperature
increases, the tert-butyl signals start to merge, first to six
signals at 243-253 K, then to two signals (one of which is very
broad) at 313 K. Similar changes are apparent in other regions
of the spectra (see ESIT). The signal for the coordinated water
molecule of complex 10 undergoes a particularly large change
in chemical shift: from 5.75 ppm at 218 K to 3.20 ppm at
328 K.

The eight tert-butyl signals could be divided into two
groups of four (a-d and e-h) each of which merges to a single
peak at the higher temperatures and which correspond to the
tert-butyl groups ortho- and para-to the phenols in the salen
ligand. These two sets of tert-butyl signals were separately sub-
jected to line shape analysis§ (using a four non-coupled spin
model, see ESI}) to allow rate constants and Gibbs energies of
activation to be determined at each temperature. For this
system, AG* was temperature dependent, increasing steadily
from 50.7 k] mol™" at 218 K to 67.6 k] mol™" at 328 K based on
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Fig. 11 Stacked plot of extracts of the 500 MHz *H NMR spectra of a
1:2.5 mixture of compounds 10 and 11 in CDCl; recorded at 218 to
328 K.

analysis of signals a-d and from 52.8 k] mol™" at 218 K to
69.5 k] mol™" at 328 K based on analysis of signals e-f. Eyring
plots for the two sets of data are given in Fig. 12 and allowed
AH' to be calculated as 17.9 + 1.1 kJ mol™! and AS* to be
determined as —155 + 1 ] mol ™' K.
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Fig. 12 Eyring plots based on the simulations of the variable tempera-
ture NMR data a 1:2.5 mixture of compounds 10 and 11. The blue
points and line correspond to analysis of peaks a—d whilst the purple
points and line correspond to analysis of peaks e—h.

Within the mixture of compounds 10 and 11, three separate
exchange processes will occur. Both compounds can indepen-
dently undergo the same salen ligand rearrangement dis-
cussed above for compounds 1-TFA and 8 and illustrated in
Scheme 4. This intramolecular rearrangement does however,
require the initial dissociation of a weakly bound water or
dioxane ligand to generate a five-coordinate complex and
hence will have a positive entropy of activation. Compounds 10
and 11 also exchange their weakly bound water and dioxane
ligands as illustrated in Scheme 6 and the negative value
observed for AS* suggests that this occurs through an associat-
ive mechanism such as that shown in the transition state
structure in Scheme 6. The associative ligand exchange out-
weighs the dissociative ligand rearrangement, resulting in an
overall negative entropy of activation.

Investigation of the lewis basicity of aluminium(salen)
complexes

Since water and dioxane were capable of acting as Lewis bases
towards the Al(‘Bu-salen) units in complexes 10 and 11, the

CI:I (i}l
Al(‘Bu-salen) Al('Bu-salen)
1 1
{ Cl ! cl
o : o :
[ j + Al(Bu-salen) =——= [ j + Al(Bu-salen)
(:) OH, (:) OH,
A;I(‘Bu—salen) 10 ?I(‘Bu-sa[en)
Cl Cl
11
_ (I:I —_—
/IXI(‘Bu-saIen)
o

C

O]
(‘Bu-salen)AI{_ Al('Bu-salen)

ci g, cl

Scheme 6 Associative mechanism for the exchange of neutral ligands
between compounds 10 and 11.
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ability of an epoxide to coordinate to complexes 1, 1-TFA, 9
and (“Bu-salen)AICI was investigated to probe the significance
of these results to the mechanisms of reactions catalysed by
these and related complexes (Scheme 1). DFT calculations™*
have previously shown that the Lewis acidity of complex 1
could be increased by withdrawing some of the electron
density associated with the bridging oxygen. 1,2-Epoxyhexane
was chosen as the Lewis base on the basis of its convenient
boiling point (118-120 °C). Addition of excess 1,2-epoxyhexane
to a solution of complex 1 in deuterated chloroform resulted
in detectable shifts in the "H NMR signals of both the aro-
matic hydrogens of complex 1 and the hydrogens of 1,2-epoxy-
hexane (see ESIT). Evaporation of the 1,2-epoxyhexane resulted
in the aromatic hydrogen signals of complex 1 returning to
their original chemical shifts. This indicates that complex 1
can act as a Lewis acid towards epoxides as required by its pro-
posed mechanism of action in the presence of tetrabutyl-
ammonium bromide as a cocatalyst, but that the epoxide is
only weakly bound to the aluminium complex.’

Addition of excess 1,2-epoxyhexane to a solution of (‘Bu-
salen)AICI in deuterated chloroform resulted in smaller shifts
to the "H NMR aromatic and epoxide signals (see ESIT). These
were accompanied by the appearance of multiple new signals
in the range of 3-4 ppm and 6.5-9 ppm, indicative of the
epoxide having undergone ring-opening to form diol and oli-
gomeric ethers which compete with the 1,2-epoxyhexane for
coordination to the aluminium. Consistent with this, when the
excess 1,2-epoxyhexane was evaporated, the aromatic signals
did not revert to their original shifts and the multiple peaks at
3-4 ppm were still present in the '"H NMR spectrum. There is
literature precedent for aluminium(salen) complexes initiating
the ring-opening polymerisation of epoxides.>”

When excess 1,2-epoxyhexane was added to 1-TFA, no
changes in the "H NMR chemical shifts of the aromatic or
epoxide hydrogens was observed, though the aromatic and
imine signals did become sharper (see ESIT). On evaporation
of excess 1,2-epoxyhexane, changes in the aromatic and imine
signals did become apparent. In addition to the three signals
at the original positions, new signals corresponding to a salen
ligand in a non-C, symmetric environment appeared as did
peaks between 3 and 4 ppm in the 'H NMR spectrum and
between 65 and 75 ppm in the "*C NMR spectrum corres-
ponding to ring-opened epoxide. These results can be
explained on the basis that 1,2-epoxyhexane undergoes ring-
opening as the solution is being evaporated to give oligomeric
ethers®® which coordinate to one of the aluminium centres of
1.TFA, forming a six-coordinated aluminium which can no
longer undergo the salen ligand rearrangement shown in
Scheme 4. A very similar situation was observed when 1,2-epox-
yhexane was added to complex 9, though in this case a small
change in the chemical shift of the epoxide signals was seen
(see ESIt). On evaporation of the 1,2-epoxyhexane, the dioxane
initially weakly coordinated to complex 9 was also removed.
These results indicate that complexes 1, 1-TFA, 9 and (‘Bu-
salen)AICI are all capable of acting as Lewis acids towards 1,2-
epoxyhexane and in the case of 1-TFA, 9 and (‘Bu-salen)AICI
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this activation of the epoxide results in its ring-opening by a
nucleophile present in the reaction to give oligomers** which
also coordinate to the aluminium(salen) units.

Catalytic activity of aluminium(salen) complexes

Given their abilities to coordinate epoxides, the relative abil-
ities of complexes 1, 1-TFA, 8 and 9 to catalyse the synthesis of
styrene carbonate 13 from styrene oxide 12 and carbon dioxide
under two different sets of solvent-free reaction conditions
were investigated. Initially, reactions were carried out at 25 °C
and 1 bar pressure of carbon dioxide, using a combination of
aluminium complex and tetrabutylammonium bromide as
catalyst®'® (Scheme 7, conditions A) and the results are
detailed in Table 1. Entries 1-3 confirm that at 25 °C and one
bar carbon dioxide pressure, neither complex 1 nor tetrabutyl-
ammonium bromide is an effective catalyst, but when used
together they form an effective synergistic catalyst system.
Entry 4 shows that this catalytic activity is maintained in the
presence of dioxane, indicating that the coordinated dioxane
present in complex 9 could be displaced by styrene oxide
during the catalytic cycle. This is confirmed by entry 5 which
shows that bimetallic complex 9 had similar catalytic activity

A: aluminum complex (0-5.0 mol%),

conditions
O AorB Bu,NBr (0-2.5 mol%),
Ph/ﬂ"COZ;’O O 25°C, 1 bar, 24 h
12 B: aluminum complex (0-2.5 mol%),
Ph 100 °C, 50 bar, 24 h

Scheme 7 Synthesis of styrene carbonate 13 from styrene oxide 12 and
CO5,.

Table 1 Synthesis of styrene carbonate 13 catalysed by complexes 1,
1.TFA, 8 and 9

Aluminium
complex Bu,NBr T P Conversion“ or
Entry (mol%) (mol%) (°C) (bar) (isolated yield)
1 None 2.5 25 1 0
2 1(2.5) 0 25 1 9
3 1(2.5) 2.5 25 1 53
4 17 (2.5) 2.5 25 1 55
5 9 (2.5) 2.5 25 1 46
6 1-TFA (2.5) 2.5 25 1 36
7 1-TFA € (2.5) 2.5 25 1 48
8 8 52.5) 2.5 25 1 27
9 87 (5.0) 2.5 25 1 11
10 None 0 100 50 0
11 1(2.5) 0 100 50 (59)
13 1-TFA (2.5) 0 100 50 (29)
12 9 (2.5) 0 100 50 (40)
14 8(2.5) 0 100 50 )

“Determined by "H NMR analysis of the reaction mixture. ? 5 mol% of
dioxane added. © 1-TFA was formed in situ by addition of TFA
L(72.5 mol%) to complex 1 (2.5 mol%) prior to addition of Bu,NBr.
Complex 8 (5 mol%) was formed in situ by addition of TFA
(5.0 mol%) to complex 1 (2.5 mol%) prior to addition of Bu,NBr.
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to complex 1. Entries 6 and 7 show that 1-TFA also has a
similar catalytic activity to complex 1 especially when gener-
ated in situ. In contrast, entries 8 and 9 show that the mono-
metallic complex 8 has lower catalytic activity than complex 1,
whether preformed complex 8 was used at 2.5 mol% loading
or complex 8 was generated in situ at 5 mol% loading.

The results presented in entries 3-7 of Table 1 suggest that
it is the nucleophile (tetrabutylammonium bromide) rather
than the Lewis acid that is the dominant factor in determining
the effectiveness of a tetrabutylammonium bromide/bimetallic
aluminium(salen) complex catalyst system. Therefore, 1, 1-TFA,
8 and 9 were tested as catalysts under alternative, tetrabutyl-
ammonium bromide free conditions at 100 °C and 50 bar
carbon dioxide pressure’! (Scheme 7, conditions B). Entry 10
shows that under these conditions, no reaction occurs in the
absence of a catalyst. Complex 1 shows reasonable catalytic
activity under these reaction conditions (entry 11). Protonation
of complex 1 with trifluoroactic acid to form 1-TFA or with HCI
to form complex 9 reduced the catalytic activity (entries 12 and
13). The significantly higher catalytic activity of complex 9
compared to 1-TFA can be explained by the presence of a
reasonable nucleophile (chloride) in complex 9 but not in
complex 1-TFA. In the presence of chloride two catalytic cycles
are possible under these reaction conditions, involving
epoxide ring-opening by chloride or carboxylate as previously
determined.”™'® The lower catalytic activity of both com-
plexes 9 and 1-TFA compared to complex 1 is consistent with
the need for the p-oxo group of the complexes to interact with
carbon dioxide (as shown in Fig. 6) during the catalytic cycle
in the absence of a nucleophilic cocatalyst.">'" Protonation of
the p-oxo group will inhibit this interaction. Finally, entry 14
shows that monometallic complex 8 is again a very poor cata-
lyst under these conditions.

Conclusions

Five-coordinate aluminium(salen) complexes are shown to
have dynamic structures with both trigonal bipyramidal and
square based pyramidal conformations accessible in both the
solution and solid states. These interconvert by a salen ligand
rearrangement mechanism which line shape analysis of vari-
able temperature NMR spectra show is neither associative or
dissociative. The rearrangement is often rapid on the NMR
timescale at ambient temperature which results in deceptively
simple, apparently C,-symmetrical structures being observed.
Protonation of p-oxo bridged bimetallic aluminium(salen)
complexes occurs on the bridging oxygen and results in signifi-
cant changes to the coordination geometry and ligand confor-
mations around the aluminium centres. Protonation also
increases the Lewis acidity of the aluminium centres as shown
by their interaction by Lewis bases such as water, dioxane and
1,2-epoxyhexane. However, the protonated complexes have
lower catalytic activity than the unprotonated complex for the
synthesis of styrene carbonate from styrene oxide and carbon
dioxide which suggests that nucleophilicity (of a cocatalyst or
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the p-oxo bridge) is more important than Lewis acidity for the
catalytic activity.

Experimental

(pn2-Hydroxy)-bis(2,2"-((1R,2R)-cyclohexane-1,2-diylbis (nitrilo-
methylylidene)) bis(4,6-di-tert-butylphenolato))-di-aluminium
chloride hydrate 1-HCI

2,2'-((1R,2R)-cyclohexane-1,2-diylbis(nitrilomethylylidene))bis
(4,6-di-tert-butylphenolato)-aluminium chloride"? dis-
solved in chloroform and the ensuing solution allowed to
slowly evaporate to dryness at room temperature. The resulting
solid was dissolved in toluene and the solution allowed to
slowly evaporate at room temperature, giving crystals of 1-HCI
suitable for analysis by X-ray crystallography. Diffraction data
were collected at 110 K, with Cu-K, radiation (1 = 1.54184 A)
on an Oxford Diffraction SuperNova using an EOS CCD
camera. The crystal was cooled with an Oxford Instruments
Cryojet. Diffractometer control, data collection, initial unit cell
determination, frame integration and unit-cell refinement was
carried out with “Crysalis”.>® Face-indexed absorption correc-
tions were applied using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm.>* OLEX2 ** was used for
overall structure solution, refinement and preparation of com-
puter graphics and publication data. Within OLEX2, the algor-
ithm wused for structure solution was “ShelXS direct
methods”,?® using direct methods. Refinement by full-matrix
least-squares used the SHELXL algorithm®® within OLEX2 **
All non-hydrogen atoms refined anisotropically.
Hydrogen atoms were placed using a “riding model” and
included in the refinement at calculated positions except for
O-H hydrogens which were located by difference map. The
difference map revealed the presence of three molecules of
solvent occupying at least three orientations. All attempts to
model this solvent using a discrete atom model failed and so a
solvent mask was used to model this electron density.

was

were

(ro-Hydroxy)-bis(2,2'-((1R,2R)-cyclohexane-1,2-diylbis (nitrilo-
methylylidene))bis(4,6-di-tert-butylphenolato))-di-aluminium
trifluoroacetate 1-TFA

To a stirred solution of complex 1 (0.100 g, 0.086 mmol) in
CH,Cl, (0.5 mL) was added trifluoroacetic acid (6.6 pL, 1
equiv.). The solution was stirred for 5 minutes then evaporated
in vacuo to provide 1-TFA (0.110 g, 0.086 mmol) in quantitative
yield. [a]¥ -548 (¢ 1.0, CH,Cl,); vmax(ATR) 3638, 2952, 2907,
2866, 1706 and 1622 cm™'; §;;(400 MHz, 298 K): 7.92 (4H, br,
4x CH=N), 7.42 (4H, br, 4x ArCH), 6.99 (4H, br, 4x ArCH),
3.25 (5H, br, 4x NCH + OH), 2.32 (4H, br, 2x CH,), 2.0-1.0
(12H, br, 6xCH,), 1.32 (72H, s, 4x C(CH,);); 6c(100 MHz,
298 K): 167-164 (br), 162.1, 158.4 (q Ycr 36.3 Hz), 140.4,
139-137 (br), 130.5, 129-127 (br), 118.0, 116.1 (q Jer 292.1
Hz), 65-62 (br), 35.4, 33.9, 31.4, 29.4, 26.9, 23.3; 5x(377 MHz,
298 K): —76.2; m/z (FD'): found 1158.76872; C5,H;0sN405Al,
(M — TFA)' requires 1158.76320; found: C 69.0, H 8.7, N 4.5%;
C74H;04N,0,F;Al,-H,0 requires: C 68.9, H 8.3, N 4.3%.
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2,2'-((1R,2R)-Cyclohexane-1,2-diylbis(nitrilomethylylidene))bis
(4,6-di-tert-butylphenolato)-aluminium trifluoroacetate 8

To a stirred solution of complex 1 (0.100 g, 0.086 mmol) in
CH,Cl, (0.5 mL) was added trifluoroacetic acid (13.2 pL, 2
equiv.). The solution was stirred for 5 minutes then evaporated
in vacuo to provide complex 8 (0.118 g, 0.173 mmol) in quanti-
tative yield. [@]2’ -410 (¢ 1.0, CH,CL,); vmax(ATR) 2953, 2908,
2867, 1696 and 1622 cm™*; 5;;(400 MHz, 298 K): 8.33 (2H, s, 2x
CH=N), 7.56 (2H, d “Juy 2.1 Hz, 2x ArCH), 7.09 (2H, d “Juu
2.2 Hz, 2x ArCH), 3.50 (2H, br, 2x NCH), 2.54 (2H, br, CH,),
2.10 (2H, br, CH,), 1.59 (2H, br, CH,), 1.51 (18H, s, 2x
C(CH;);), 1.47 (2H, br, CH,), 1.31 (18H, s, 2x C(CH,),);
5¢(100 MHz, 298 K): 158.4 (q ¥Jcr 38.4 Hz), 141.1, 139.0, 136.4,
131.4, 127.9, 126.2, 118.2, 115.7 (q YJcr 287.6 Hz), 65-63 (br),
35.6, 34.2, 31.5, 29.7, 27.3, 23.9; 5x(377 MHz, 298 K): —76.2;
m/z (FD'): found 684.37197; C;sHs,N,04F;Al (M') requires
684.36891; found: C 632, H 7.5, N  3.9%;
C35H;5,N,0,F;Al-2H,0 requires: C 63.2, H 7.8, N 3.9%.

(r»-Hydroxy)-bis(2,2"-((1R,2R)-cyclohexane-1,2-diylbis (nitrilo-
methylylidene)) bis(4,6-di-tert-butylphenolato))-di-aluminium
chloride dioxane 9

To a stirred solution of complex 1 (0.100 g, 0.086 mmol) in
CH,Cl, (0.5 mL) was added a solution of HCI in dioxane
(21.6 pL of a 4.0 M solution, 1 equiv.). The solution was stirred
for 5 minutes then evaporated in vacuo to provide complex 9
(0.1061 g, 0.083 mmol) in 96% yield. [a]2’ -499 (c 1.0, CH,CL,);
Umax(ATR) 2952, 2906, 2885 and 1622 cm™'; §;(400 MHz,
298 K): 7.75 (4H, br, 4x CH=N), 7.35 (4H, br, 4x ArCH), 6.94
(4H, br, 4x ArCH), 3.64 (8H, s, 4x CH,0), 3.03 (4H, br, 4x
NCH), 1.61 (5H, br, OH + 2x CH,), 1.5-0.9 (12H, br, 6x CH,),
1.28 (36H, s, 4x C(CHj);), 1.18 (36H, s, 4x C(CH,),);
5¢(100 MHz, 298 K): 164.7 (br), 161.7, 140.5, 138.8 (br), 130.9
(br), 128.4 (br), 118.1, 67.1, 63.1 (br), 35.5 (br), 34.1, 31.4, 29.3
(br), 26.7 (br), 23.3 (br); m/z (FD'): found 1158.76381;
C7,H104N,05Al, (M — Cl-dioxane)” requires 1158.76320.

(no-Dioxane)-bis(2,2'-((1R,2R)-cyclohexane-1,2-diylbis (nitrilo-
methylylidene)) bis(4,6-di-tert-butylphenolato))-di-aluminium
chloride 11

1-4 Dioxane (1 mL) was added to 2,2"-((1R,2R)-cyclohexane-1,2-
diylbis(nitrilomethylylidene))bis(4,6-di-tert-butyl ~ phenolato)-
aluminium chloride'? (0.100 g, 0.186 mmol) in a stoppered
oven dried round bottomed flask and the solution left to stir
until dissolution. The flask was then attached to a Schlenk line
and solvent removed in vacuo to leave compound 11 (0.111 g,
0.160 mmol) as a yellow solid in 86% yield. [a]2® -567 (¢ 1.0,
CH,CL); vmax(ATR) 2953, 2909, 2865 and 1616 cm™);
5u(400 MHz, 298 K): 8.36 (4H, br, 4x CH=N), 7.59 (4H, br, 4x
ArCH), 3.86 (3H, br, 3x NCH), 3.71 (8H, s, 4x OCH,), 3.19 (1H,
br, NCH), 2.52 (4H, br, 2x CH,), 2.08 (4H, br, 2x CH,), 1.8-1.1
(8H, m, 4x CH,), 1.58 (36H, s, 4x C(CHz3)3), 1.34 (36H, s, 4%
C(CHs);); 6c(100 MHz, 298 K): 160.4 (br), 141.2, 138.8 (br),
131.4 (br), 130.8 (br), 127.9 (br), 118.3, 67.2, 63.0 (br), 62.2 (br),
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35.7, 34.2, 31.5, 29.9, 27.5, 23.8. m/z (FD+): found 606.35561;
C36H35,N,0,CIAl (0.5 M-dioxane)' requires 606.35327.

General procedure for the synthesis of styrene carbonate 13 at
1 bar pressure

A mixture of styrene oxide 12 (2 mmol, 0.23 ml) and catalyst or
catalyst precursor (2.5 mol%) was stirred vigorously in a reac-
tion vial. If the catalyst was being formed in situ, TFA
(2.5 mol%, 3.83 pl or 5 mol%, 7.65 pl) was added; followed in
all cases by Bu,NBr (2.5 mol%, 0.0161 g). Upon dissolution,
the reaction vial was purged for 5 minutes with CO, and then
fitted with a balloon filled with CO,. The reaction was then
stirred at 25 °C for 24 hours. The unpurified reaction mixture
was analysed by 'H NMR spectroscopy to determine the con-
version of styrene oxide 12 into styrene carbonate 13.

General procedure for the synthesis of styrene carbonate 13 at
50 bar pressure

Styrene oxide 12 (2 mmol, 0.23 ml) was added to a sample vial
preloaded with the desired catalyst (2.5 mol%) and a magnetic
stirrer bar. The vial was sealed with a lid pierced by a needle
and placed in a high-pressure reactor. The reactor was flushed
with CO,, heated to 100 °C and pressurized to 50 bar with
CO,. The reaction was stirred for 24 hours, then the reactor
was cooled with a liquid nitrogen bath, before releasing the
CO, pressure. The reaction mixture was dissolved in dichloro-
methane and filtered through silica to remove catalyst before
being analyzed by "H NMR spectroscopy to determine the con-
version. Pure styrene carbonate 13 was obtained by column
chromatography using hexane: EtOAc mixtures (1:0, 1:6,
1:4,1:2,1:1 and 0:1) as eluent. vy, (CH,Cl,) 3078, 3038,
2926, 1784, 1459 and 1064 cm™5; "H NMR §,(400 MHz,
CDCl;): 7.5-7.4 (3H, m, ArH), 7.4-7.3 (2H, m, ArH), 5.67 (1H,
dd *7 8.1, 7.9 Hz, PhCHO), 4.80 (1H, dd *J 8.3 Hz, *J 8.6 Hz,
CH,0), 4.34 (1H, %] 7.9, * 8.6 Hz, CH,0); “C NMR
5c(101 MHz, CDCl;): 155.0, 135.9, 129.8, 129.3, 125.9, 78.1,
71.3; m/z (ESI'): found 187.0369; CoHgO3Na (M + Na)' requires
187.0366.
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